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Abstract 
Optical sensors, like Fiber Bragg Gratings (FBG), can be easily embedded into composite structures, thus obtaining 
structures with health monitoring capabilities. In this work, fatigue crack growth in adhesively bonded joints of thick 
composite laminates was experimentally investigated using FBG. An array of equally spaced sensors was applied to 
the side of a single lap tapered joint, in order to simulate its embedment into the composite laminate. The position 
was chosen on the basis of finite element analysis of the strain distribution and the expected response of the sensors 
was also simulated by means of a T-matrix model. The position of the crack tip was monitored using both an optical 
microscope and an ultrasonic phased array sensor. A good correlation between the crack tip position and the variation 
of the signal provided by FBG indicate that the proposed configuration of FBG array can detect and monitor a fatigue 
crack in the adhesive joint, even in case of de-lamination of the first composite’s plies. 
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1. Introduction 
Adhesively bonded joints are extensively employed in the construction of composite structures. In the 
case of high strength joints, difficulties arise because manufacturing defects and operational loads (cyclic 
fatigue loads or impacts) can cause local disbonding. Therefore, structural health monitoring of structural 
joints is of fundamental importance for safety and for correct service management. Usual inspection 
techniques, like ultrasonic or radiographic inspections, can be difficult and may imply long down-times, 
whereas continuous monitoring, using in situ sensing systems, can potentially improve the structural 
health monitoring. 
Optical sensors like Fiber Bragg Gratings (FBG) can be easily embedded into composite laminates and 
used for the structural health monitoring of composites structures [1] and of adhesive joints [2]. Thanks to 
the possibility of inserting several sensors along a single fiber, it is possible to perform distribute strain 
measurements. This technique has been applied to detect the changes in the longitudinal strain distribution 
due to fatigue the crack propagation in a doubler plate joint [3], but a quite expensive technology was 
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needed (OBR, Optical Backscatter Reflectometry). Similar results were also obtained using chirped FBG 
sensors [4].  
In this paper we present an investigation on the possibility of monitoring fatigue crack propagation 
within the glueline and in the adjacent layers in a single lap, tapered joint of thick carbon fiber reinforced 
polymer composite laminate, using an array of distributed FBG sensors. We selected to use a chain of 
FBG sensors to be glued on the side of the joint: this is a first step to select a suitable location in the 
perspective of embedding the sensors inside the laminate in a future work. 
2. Experimental techniques 
2.1. Specimen 
The specimen we analyzed is one of the tapered lap joints studied in [5]. Specimen shape and 
dimensions are reported in Fig. 1a. The laminate is composed of woven (T) and unidirectional (UD) 
laminae of T300 carbon fibers and epoxy matrix, with the following stacking sequence T 45°/UD5/T 0°/T 
45°2/T 0°2/T 45°2/T 0°/UD5/T 45°. Total thickness of the laminate is 10 mm. The adhesive is the Scotch-
Weld 9323 B/A bi-component epoxy structural adhesive manufactured and distributed by 3M.  
  
Fig. 1. (a) Shape and dimensions o the specimen (out of scale; thickness of adherends 10 mm); (b) detail of the tip of the joint with 
four analyzed lines. 
 
       
Fig. 2. (a) Detail of the FE model; (b) results of the FEM analysis: variation of the longitudinal strain along the entire overlap length 
for different crack lengths (the vertical bands indicate the position of the FBG sensors). 
2.2. Finite Element Analysis 
A Finite Element model was used to select the position of the measuring line, along which the sensors 
could be placed. Four possible measuring lines were identified and they are shown in Fig. 1b and 2a. The 
finite element mesh is shown in Fig. 2a. 2D solid, eight nodes plain strain elements were used. 
Orthotropic material properties corresponding to the laminae were assigned to partitions reproducing the 
stacking sequence. The presence of a crack was modeled by removing elements in the adhesive layer up 
to the desired crack length. Two symmetric cracks having the same length were modeled at both the ends 
of the overlap. Several models with different crack length were built and analyzed to simulate crack 
(a) (b) 
(a) (b) Adhesive 
Crack 
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propagation. The variation of the longitudinal strain along one of such lines is reported in Fig. 2b. 
Different curves correspond to different values of crack length.  
2.3. FBG sensors 
FBG sensors are optical transducers embedded in an optical fiber, to be conditioned with a particular 
instrument, named "interrogator". The optical sensors have electromagnetic interference immunity and  
long term stability. In composite materials, thanks to their small cross section, FBGs can be embedded 
inside the composite texture with a negligible effect on the mechanical properties. The working principle 
used in the adopted sensors is the following [6]: the Bragg grating is made of a series of refraction index 
changes, spaced at a constant length period; when a Bragg grating is traversed by a white light, it reflects 
back only a light with a nearly monochromatic spectrum centered on a specific wavelength, and transmit 
all the other wavelengths. The peak wavelength of the reflection spectra changes with the strain or 
temperature applied on the gratings. For a homogeneous strain field across the sensor’s length, a linear 
relationship exists between the strain and the variation of the wavelength peak. The measure of the 
wavelength peak is possible with picometer, resolution corresponding to about 1 Pm/m. Our 
MicronOptics sm125 interrogator uses a swept laser technique able to measure the reflected spectrum in 
the range 1510 nm to 1590 nm, with 5 pm resolution and 1 pm accuracy of peak, a scan frequency of 
2 Hz, dynamic range of 50 dB, 4 channels. More than one sensor can be chained on a single optical fiber, 
provided that the gratings have different Bragg wavelengths, so that the reflected spectrum is made of 
many peaks, each one from a sensor. 
2.4. FBG sensor modeling 
In this application, where strain gradients are far from negligible (Fig. 2b), an evaluation of the sensor 
operation in non-homogeneous strain fields was required. A T-matrix model was implemented in Matlab 
environment [7, 8]. This model takes the FEM analysis strain calculated on the four parallel lines shown 
in Fig. 1b and in Fig, 2a as input and outputs the simulated measured spectra of the sensors actually used 
on the specimen. This allowed to chose a proper positioning for the sensors, so that the maximum 
allowable strain for the FBGs was not exceeded and the strain variation over the sensor’s length were 
minimized.  
 
   
Fig. 3. (a) The selected measurement line is slightly sloped; (b) FBG sensor positioning on the measurement line, composed of two 
single optical fibers, each with 5 sensors. 
2.5. Set up 
To monitor the strain at multiple locations, a chain of FBG sensor was selected. Because of 
manufacturing requirements, two independent, nominally identical chains with 5 FBG each were used. 
The sensors of 6 mm length were positioned at 21 mm intervals. The sensors on the two chains alternate 
each other and this is equivalent to a single chain with twice the sensors (10), and with half spacing 
(10.5 mm). They were positioned as shown in Fig. 3b on the side of the joint. On the basis of the 
previously reported analyses, the measurement line number 4 of Fig. 1b was selected. However, because 
of the presence of the taper, in order not to miss the variation of the strain pattern during the early stages 
of crack propagation, positioning of the fibers followed an inclined line as shown in Fig. 3a.  
(a) (b) 
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A fatigue test was conducted in load control mode, by applying a tensile pulsating load of 19 kN using 
an MTS 810 servo-hydraulic testing machine of 100 kN capacity. A travelling microscope equipped with 
a digital camera was used to observe and record the position of the crack tips at both ends of the overlap. 
Each 1000 cycles the test was interrupted at maximum load, to allow for recording of the strain values 
read by the FBG sensors, microscope observations and inspection of the specimen by ultrasonic testing. 
In the last case, a HARFANG X32 phased array defectoscope allowed to inspect the specimen using 
longitudinal sound waves by means of an ultrasonic linear and planar probe characterized by a frequency 
equal to 5 MHz and 32 active crystals. The coupling between the probe and the specimen was guaranteed 
by bearing grease and the calibration showed that the speed of longitudinal waves in the present material 
is equal to 3250 m/s. 
3. Results 
3.1. Crack propagation and measured strain 
By microscope observations, as shown in Fig. 4a, the position of the crack tips at each 1000 cycles was 
recorded. The cracks nucleated at the interface between the adhesive layer and the composite adherends 
and then propagated within the first woven composite play, as shown in Fig. 4b, up to failure of the 
specimen by separation after 22100 cycles. Spectra of the FBG sensors were recorded and a selection is 
shown in Fig. 5. By analyzing the spectra, the variation of the longitudinal strain induced by crack 
propagation was evaluated. The difference between the initial strain value (integer specimen) and the 
actual value (cracked specimen), recorded by each sensor at different number of cycles, was plotted in the 
histograms of Fig. 6. The position of the crack tips was also reported (red dots). It clearly appears that the 
maximum positive strain variation on the right side of the graphs (i.e. where the strain in the adherend 
increases due to disbonding) follows the crack tip, whereas the position of the maximum negative 
variation on the left side is not correlated with the position of the crack. Therefore the FBG sensors on the 
side of the adherend which suffer a gradual strain increase due to disbonding appear to be more suitable 
for crack propagation monitoring, than those positioned on the side where the strain decreases, thus 
suggesting the use of two sensor chains on both adherends. 
 
      
 
Fig. 4. (a) Detail of a crack tip as seen at the optical microscope; (b) the full propagation lines of the cracks; the blue box is the 
image detail at left; the dotted lines indicate the thickness of the first ply. 
3.2. Behaviour of the first sensor 
The shape of the reflected spectrum of the first sensor at the end of the taper evolved from a narrow 
line before the test, to a lowered peak with a tail toward the highest wavelengths. It is likely that the non-
uniform strain field caused the sensor glue to fail along half of the sensor length, while the other half was 
still correctly glued. The implemented T-matrix model cannot work in inverse mode, i.e. from the output 
spectra to the strain input, therefore a trial and error minimization analysis was conducted. A good fit was 
obtained with half of the sensor subject to a linear strain field from 4000 ȝm/m to 200 ȝm/m at the center 
(a) 
(b) 
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of the FBG sensor; while the second half is subject to a constant strain of 200 ȝm/m. Thus, by observing 
the spectra shape model it was possible to verify the proper working of the sensors and the glue. 
Moreover, it was shown that in spite of partial disbonding the sensor was still functional, because the 
unglued part had no effect on the peak measurements. In the same conditions, a standard electrical strain 
gauge would have probably measured an average and erroneous strain. 
 
 
Fig. 5. (a,b,c,d,e,f) Spectra of FBG sensors during the fatigue test. The sensor of channel 1 at right is the most near the joint tip, 
while the sensor of channel 2 at right is the next one. 
 
 
Fig. 6. (a,b,c,d,e,f) Histograms of strain differences, as explained in test; the red points indicate the position of the tips of the cracks 
3.3. Ultrasonic testing 
Fig. 7a shows the schematic of the inspection procedure adopted during the fatigue test on the 
specimen. The “linear scan” phased array technique was adopted and only one of the tapered ends could 
be inspected due to the encumbrance, around the other one, of the cables related to the FBG sensors. The 
first response, related to the presence of a crack, could be observed at 15000 cycles. Fig. 7b shows the 
B-Scan (i.e. the ultrasonic map cutting the specimen along its thickness) of the crack. Three regions can 
be evidenced: i) the interface back-wall echo of the single laminate outside the joint; ii) the interface echo 
of the joint; iii) the crack between the previous two, parallel to the glued region and at a shorter time of 
flight of the sound beam (due to the present crack path). The length of the crack could be estimated in 
212  Andrea Bernasconi et al. / Procedia Engineering 10 (2011) 207–212
approximately 4 mm, a value very close to the length measured using the optical microscope (4.62 mm). 
This similitude could be observed in all the carried out ultrasonic measurements. It is worth noting that 
the crack could not be observed earlier in the test because its path was not perpendicular to the applied 
sound beam, but inclined at about 45°, so reflecting the beam itself outside of the probe. Another critical 
situation (not observed in the present case) could be the fracture of the glue: in this case, to discriminate 
between the interface echo and the crack could be difficult. Finally, Fig. 7c shows the measurement at the 
end of the test (21700 cycles): the crack got very long and no interface echo could be observed in the 
inspection region. 
 
 
  
Fig.7. (a) Schematic of the ultrasonic inspection of the specimen; (b) crack advance at 15000 cycles; (c) at 21700 cycles. 
4. Conclusions 
A method for structural health monitoring of adhesively bonded structural joints in composite 
structures was developed, based on the use of an array of optical sensors (FBGs). Sensors were glued on 
the side of the specimen in order to simulate their embedment into the laminate. It was possible to detect 
and monitor the crack propagation in a bonded joint during a fatigue test, with a resolution similar to that 
of ultrasonic testing. The sensitivity of the FBGs array is higher on the side of the joint which experiences 
a load increase because of disbonding. This suggests the use of two FBG arrays on both adherends. 
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